This paper examines critical load and corresponding displacement of double cantilever beam (DCB) composite specimens made of glass/epoxy of three different layups. Experiments were conducted on these laminates, and the fracture energy, Ic , was evaluated considering the root rotation at the crack tip. The present model requires the applied load-displacement history and crack extension to estimate fracture energy. Reduction schemes based on cubic and power law are also proposed to determine Young's modulus and energy release rate and found good agreement with the published and test results.
Introduction
The composites are heterogeneous materials, which are an important feature compared, for instance, to the metals and homogeneous plastics. The increasing use of composite materials in aircraft, spacecraft, automobile, and marine applications has motivated researchers to understand their fracture behaviour and damage mechanisms. General fracture processes in composite materials are complex. Fracture in composite materials is strongly dependent upon lamination order, ply-orientation, and constitutive relations. Failure can occur due to fiber-breakage, debonding of fibers, delamination, formation of matrix microcracks, and other microfailure modes. These defects may be as a result of residual stresses due to curing process, external impact damage, and environmental degradation or may develop in fabrication or service causing structural degradation at stresses well below the strength levels expected for defect-free material [1] . The interlaminar fracture also known as the delamination, which is one of the most important life-limiting failure modes, in laminated composite structures. The composite materials exhibit superior properties only along the fiber direction; hence the delamination of composite structures results in a significant loss of the strength and stiffness. As a result of this damage mechanism, the fracture characterization of composites structures acquires special relevancy [2] .
Linear elastic fracture mechanics (LEFM) deals with the propagation of interlaminar cracks, by relating defect geometry and design stress to a material response, normally called fracture toughness, which is characterized by critical energy release rate. Different analytical approaches and specimen geometries have been used for calculating the mode-I interlaminar fracture toughness [3] [4] [5] [6] [7] [8] [9] . For displacement controlled loading, DCB specimen gives rise to stable crack growth which makes it well suited for measurements of energy release rate, Ic . Thus the double cantilever beam specimen deserves strong consideration as a viable method for characterizing delamination growth induced by normal stress.
Evaluation of the mode-I fracture energy for a material relies heavily on the interpretation of fracture data which normally consist of a load-displacement ( -) record for specimens with cracks. For direct evaluation of, Ic from the recorded fracture data, there are basically two different LEFM methods, namely, the "area" and "compliance" methods. Hashemi et al. [10] have used carbon/PEEK composite ("APC-2", ICI) and carbon/epoxy composite ("Fiberdux 6376C" Ciba Geigy) materials for determining the fracture energy through DCB specimens. They found a good agreement between values from the area and compliance methods, but there is poor agreement with those values obtained from the "load" and "displacement" methods based on simple beam theory [1] . To account for these discrepancies, they have considered several factors, for example, errors in the measurement of crack length and displacement, shear correction and large displacement correction, and noted that none of these possible errors was significant enough to eliminate the discrepancies and correct the analytical method. Another source of error in their simple beam analysis is the assumption that the beams are built-in cantilevers (i.e., the slope and deflection are zero at the crack tip of the DCB specimen) and expected to result in an error of the crack length. The correction for the crack length was obtained using the fracture data in the expression for compliance derived from the simple cantilever beam theory, through a least-square curve fit. With this correction, the values of Ic obtained from different methods are found to be in good agreement with each other.
Shokrieh and Heidari-Rarani [11] investigated the influence of stacking sequence on mode-I delamination resistance ( -curve) behaviour of -glass/epoxy DCB specimens of stacking sequences; [0
with two initial crack lengths are used with an initial delamination between 0 ∘ //0 ∘ interface. They concluded that (i) the initiation delamination toughness of multidirectional (MD) laminates are much lower than that of unidirectional (UD) one, (ii) the stacking sequence has no effect on the fiber bridging length in DCB specimens, and (iii) greater the c (= 2 12 / 11 22 ) value of a laminate, the steady-state propagation toughness is higher. Lot of efforts has led to the establishment of standard test methods for mode-I delamination initiation for unidirectional composites, while laminates widely used in industrial applications are multidirectional. It was found that interlaminar fracture toughness without fiber bridging has a constant value during the crack propagation. However, if the fiber bridging occurs in the wake of delamination front, the strain energy release rate is no longer a constant value and rises with increasing the delamination length. Crack propagation behavior of a stick-slip type is more observed for the unidirectional DCB specimens than the multidirectional ones. On the other hands crack at multidirectional laminates grows in a more stable manner. The Initiation fracture toughness and steadystate toughness are independent of initial crack length for any multidirectional stacking sequence. Stacking sequence does not affect the fiber-bridging length of DCB specimens, whereas it has pronounced effect on the maximum load value in the load-displacement curves [11] .
Delaminations that form in multiply laminated composite structures occur between plies of dissimilar orientation, and fiber bridging does not occur. Hence, fiber bridging is considered to be an artefact of the DCB test on unidirectional materials. Therefore, the generic significance of Ic propagation values calculated beyond the end of the implanted insert is questionable [12] , and an initiation value of Ic measured from the implanted insert is preferred.
The aim of the present study is intended to estimate Ic for glass/epoxy laminates of different stacking sequences and to predict the interface strength of composite laminates under monotonic loading. An attempt was made to predict the fracture energy and Young's modulus of different composite materials system based on the proposed data reduction schemes.
Energy Release Rate Computation in Double Cantilever Beam Specimens
The dependence of curves on the geometry of DCB specimens was investigated by Tamuzs et al. [13] for unidirectional carbon/epoxy composite laminates and the peculiarities of curve obtained on traditional DCB specimens loaded by wedge forces and calculations to predict the resistance to crack propagation in specimens of different thickness was presented. They modified the beam theory to calculate the energy release rate in terms of -record. Usually, the energy release rate in a DCB specimen is defined as
The potential energy of a linearly elastic system is equal to
where and are the stress and strain, V is the volume, and ( ) is the force applied, which is a function of displacement. The first term is an energy stored in the linearly elastic body, and the second one is the work produced by the applied external force. The displacement, , is a full opening of the DCB specimen at the point, where is applied. The first term is also expressed through the force acting on the system
From (1) and (3), it follows that
where the compliance is defined as
The Irwin-Kies formula (4) is well-known and widely used.
Since there is no assumptions about the type of the crack tip structure was made, (4) is general and should be valid for any bridging law and specimen shape. But the energy release rate obtained can be functions of the specimen shape, is a characteristics of the material. Neglecting the bridging effect, the deflection of an ideal cantilever beam, (the full opening of the DCB equals the doubled deflection) is given by
and the compliance is
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Evaluation of Mode-I Fracture Toughness.
The critical strain energy release rate ( Ic ) from the fracture data of the double cantilever beam specimen (see Figure 1 ) can be evaluated from (4). The compliance ( ) of the DCB specimen is given by [1, 14] 
Using (8) in (4), one can obtain
Using (8) and eliminating , one can write the following relation for Ic :
Here cr is the critical load or load at the onset of the delamination. To minimize the scatter in measurements, the critical strain energy release rate ( Ic ) is evaluated from the fracture data of composite DCB specimens from
Here is the number of fracture data. The critical load ( cr ) is evaluated from
The rotational spring constant ( ) in (12) is obtained from the fracture data as
Experimental Data Reduction Methods

Cubic Polynomial Reduction.
In this reduction scheme, the compliance polynomial is assumed as cubic equation and can be written in the form
Since the compliance equation (8) has cubic and quadratic terms alone, one can modify (14) as
Comparing (15) with (8), the coefficients 1 , 2 can be obtained as 1 = 2/3 and 2 = 2/ . By plotting compliance ( ) versus crack length ( ) curve, one can get the coefficients 1 and 2 for the particular specimen. From these coefficients the values of Young's modulus ( ) and rotational stiffness ( ) can be obtained for the particular specimen. This approach makes the calculation of rotational stiffness easier, and no separate test is required for the determination of young's modulus.
Power Law Reduction.
Here the compliance polynomial is assumed to follow a power law in the form
Here also the coefficients 1 and for the particular specimen can be obtained from the compliance ( ) versus crack length ( ) curve. Here, 1 = 2/3 . The value of , may not be calculated in this method. By substituting (15) and (16) in Irwin-Kies equation (4), one can get the energy release rate of DCB specimens in a much simpler way. glass fiber of 750 grams per square meter. The matrix phase is epoxy resin LY 556 with hardener HY951 in the ratio of 10 : 1 to promote or control the curing action and also to control the degree of hardness of the cured film. The initial crack was made by introducing a thin Teflon film of thickness 13 m during stacking procedure. Initially the upper and lower mould surfaces are cleaned using acetone to remove the dirt present. Once the dirt is being removed, wax is applied on both the surfaces. Mylar sheets were used to get better surface finish and ease in releasing the plate. The laminates contain six laminas to have the Teflon insert at the centre. The laminates were prepared by hand layup process. The excess resin present is squeezed by using rollers. The laminate is allowed to cure in the mould for about 7days at room temperature.
Experimental Work
As per ASTM standard (D5528), the optimum length of the DCB specimen should be at least 125 mm, the width of the specimen should be around 20 to 25 mm, and the thickness can be between 3-5 mm. But if the material is too brittle, then there is possibility for breaking, and if it is too ductile, then the crosshead displacement will be high. But both these possibilities are not preferred. For materials with low-flexural modulus or high interlaminar fracture toughness, it may be necessary to increase the number of plies, that is, increase the laminate thickness or decreasing the delamination length in order to avoid large deflections of the specimen arms. Hence, the specimen thickness (2ℎ) and initial delamination length ( ) shall be designed to satisfy the following criteria [15] :
The dimension of test specimen used here is 130 × 25 × 2ℎ, and exact width of specimen was obtained by using water jet cutting. The specimen surfaces are scrubbed with sand paper and are cleaned thoroughly with acetone to remove dirt. For better bonding, the base of aluminium piano hinge is also scratched with file and is cleaned with acetone. A thin layer of araldite adhesive is used to fix the piano hinge to the specimen. Care should be taken that the araldite applied does not cover the sides of Teflon insert. Piano hinge is meant for applying load and to avoid moment at the loading point, so that the load is always perpendicular to the face of specimen. The maximum load anticipated during a DCB test of a material with a known modulus, 11 , and anticipated value of Ic may be estimated by [15] max = √ Ic (2ℎ) 3 11 96 .
Test Procedure.
The specimens (see Figure 1 (b)) were tested on Instron 3367 universal testing machine equipped with a 30 kN load cell (see Figure 2 ) at room temperature. They were subjected to a wedge loading under displacement control. The cross head speed was set at 1 mm/min to ensure steady crack propagation and ease of recording. The loaddisplacement ( − ) history was recorded by the machine. Markings were made on the specimen on both sides starting from the end of the insert as per ASTM standards. First five markings are made in an interval of 1 mm, and the following four markings are made in an interval of 5 mm. A magnifying lens (see Figure 3) or a travelling microscope was used to track the crack propagation. The crack growth from the starter insert was determined by careful inspection of the specimen edge by magnification lens and by observation of − curve. laminate exhibited more fiber bridging during propagation than other two layups. Fiber bridging causes a large Ic value which overestimates the real mode-I fracture toughness [16] . Also it is observed that the failure of cross-ply laminate occurs at a smaller crack growth increment of 1 mm; this may be due to the lack of fiber bridging and transverse matrix cracking of 90 ∘ ply. The critical load and the corresponding displacements obtained from experiments are closer to the present analysis. The critical load obtained from the experiment is lower than the maximum anticipated load (18) in unidirectional specimen and is closer in other cases. If the rotational stiffness is very large, the effect of is not significant in that particular case. In angle ply laminate specimen, the value 1/ → 0 and hence the critical load obtained from the present analysis are equal to the maximum anticipated load as per ASTM standard (see Table 2 ).
Results and Discussions
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Data reduction schemes, namely, cubic polynomial and power law to evaluate Ic and were presented in Table 4 . Test results of various material system for the comparison of present study were taken from [16] to [22] . These data reduction schemes show that the cubic polynomial compliance equation predicts closer Ic value with the test results than the power law assumption as the former includes the effect of rotational stiffness.
Concluding Remarks
The delamination analysis of laminated glass/epoxy DCB specimens of different layups was carried out, considering root rotation at the crack tip, and it was found that the Ic value of unidirectional specimen is higher than other two layups because of extensive fiber bridging during crack propagation. Also it was observed that the effect of rotational stiffness on critical load is negligible if is too large.
Furthermore data reduction schemes were presented to determine Young's modulus ( ), rotational stiffness ( ), and energy release rate ( Ic ) of specimens made of different material combinations with different layups, and a reasonable agreement was obtained with the published as well as test results. Hence, these data reduction schemes reduce the requirement of additional test to determine the modulus . Number of fracture data :
Applied Load on both sides of the specimen : Crack mouth opening displacement ∏ : Potential energy.
